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Abstract
Considerable variability exists in patterns of brain aging within and across
individuals. Quantifying familial contributions to brain structure in late life may help us
understand this variability. We estimated heritability of gray and white matter volumes
and cortical thickness in a sample of older adult full siblings (2-4 individuals per
pedigree; N = 75). Estimation of heritability was based on computation of intraclass
correlations. Heritability estimates were higher for total cortical thickness compared to
volumes. There was no evidence of overall laterality in heritability estimates, or
differences between primary sensory and association regions. There was a tendency for
lower estimates of heritability in the frontal lobe relative to other lobes, but greater
estimates for amygdala and hippocampus relative to parahippocampus and for caudate
relative to putamen and globus pallidus. Strong heritability was observed across callosal
regions. This study provides a comprehensive assessment of heritability of brain structure
in older adults.
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1. Introduction
Advancing age is associated with significant variability in the magnitude of
declines across brain regions. Age-related gray matter volume reductions are generally
greater in prefrontal regions (1-3). Furthermore, a similar pattern is observed for cortical
thickness (4,5), and white matter volume and abnormalities (1-2,6-7). In the medial
temporal lobe the hippocampus evidences significant age effects whereas there is relative
preservation of entorhinal and parahippocampal volume and thickness (5,8). In terms of
subcortical structures, neostriatal volume evidences greater declines than the
paleostriatum (9,10; but see 11). The thalamus, cerebellar gray and white matter volumes
also decline with age whereas the pons/brain stem remains relatively intact (1, 10-12). In
conjunction with these patterns of differential age effects across brain regions, there is
also significant inter-individual variability in the trajectories of decline (13).
Consideration of genetic and environmental contributions to the aging process
may help explain this variability. There are at least two plausible trajectories for the
relative influences of genes and environment on brain structure in advanced aging. It is
possible that genetic influences increase over time, which may in part reflect the
appearance of genes expressed uniquely in late life. There are suggestions that genetic
control over cognition and brain structure in old age represents additive contributions
from genes expressed consistently throughout the lifespan and genetic influences that
come ‘on line’ in late adulthood (14,15). Alternatively, the accumulation of
environmental effects across the lifespan may increase environmental contributions to
brain structure and cognitive performance in old age. It has been suggested that the
accumulation of harmful environmental insults on neuronal functioning may overwhelm
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genetically controlled neuronal repair mechanisms, thus decreasing genetic influence via
environmentally mediated damage (15). To address these two possibilities, an important
step is to determine the magnitude of heritability of brain structure and cognition in older
adults.
Collectively, the existing literature is suggestive of reduced heritability of
cognition in late adulthood. A consistent finding across studies of the heritability of
general intelligence or general cognitive ability has been a linear increase in heritability
from childhood to middle-adulthood (15, see 16 for review). In contrast, there is evidence
of a decrease in genetic influences with concomitant increases in unshared environmental
influences on general cognitive ability in older adults (17-20; see 21,22 for reviews).
Estimates of heritability of general cognitive function remain relatively high in the
young-old, and then show decline in old-old samples (22). Additionally, heritability for
specific cognitive domains, such as verbal ability, spatial ability, memory and processing
evidence similar trends of lower heritability in old-old compared to young-old (21).
These observed reductions of heritability in cognition further suggest that there
may also be changes in heritability of brain structure supporting such cognitive abilities
with aging. However, effects of advanced age on the heritability of brain structure are
less clear due to variability in the brain regions and in the estimates of structural integrity
(e.g., volume, cortical thickness, density) assessed, and the limited number of studies in
middle-aged and older adults. Heritability of global and lobar volumes is high (>80%) in
young adulthood (23-27) and there are indications of some maturational changes in the
magnitude of heritability from childhood to young adulthood with the direction of change
perhaps varying across regions. Increases in heritability have been observed from
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childhood into adolescence for total white matter volume and for cortical thickness in
higher-order association areas, whereas decreased heritability has been observed for
global gray matter and cortical thickness in primary sensory and motor areas (28-30). A
comparison between two studies investigating the heritability of cortical thickness across
a large range of regions suggests greater heritability on average in a sample of middle
aged twins (49%; 31) than in a sample of child and adolescent twins (32%; 29).
Collectively, existing results suggest regional variability in the trajectory of heritability
from childhood to adolescence, with the possibility that overall heritability may increase
from childhood through middle age. Although previous work has provided valuable
insights into possible changes in heritability of cognition and brain structure across the
lifespan, many studies have been cross-sectional, and some have had relatively small
sample sizes, thus limiting conclusions about the causes of differences in heritability in
different age groups.
Studies in older adults have primarily examined global or lobar volumes, as well
as callosal and hippocampal volume. In comparison to young adults, total brain and lobar
volumes show evidence of lower heritability estimates in older adults (23-28,32-34).
Additionally, though heritability of hippocampal volume seems to be maintained from
young adulthood (average = 68%) (27,35) into mid-life (63-64%; 31), there are
suggestions of lower heritability of hippocampal volume in older adults (40%; 36). In
contrast, there is evidence of relative invariance in the heritability of corpus callosal area
measurements into late life (36-38). Thus, the limited available evidence suggests
heterogeneity in the influence of advanced age on the heritability of brain structure, but
more comprehensive assessments are needed.
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The current study used a community-based sample of non-twin older adult
siblings (sibships) to estimate the heritability of regional brain structure in late adulthood.
MRI-based estimates of global and regional volumes and cortical thickness were
examined.
2. Method
2.1 Participants.
Elderly sibships were recruited from the St. Louis community. One sibling was
required to be between the ages of 70 and 75 years and all other siblings were within 5
years of age of the index sibling. Sibships ranged in size from 2 to 4 individuals, with 32
pedigrees and 75 individuals in the final sample (see Table 1 for demographic
information). Gross cognitive status was characterized with the Short Blessed Test
(39,40) with a score of 6 or above considered indicative of potential cognitive declines.
Twelve percent of the current sample met this criterion, but were not excluded from
analysis as the current study sought a representative community sample of participants.
Participant consent was obtained in accordance with the Washington University Human
Research Protection Office guidelines. The heritability of ß-amyloid deposition as
assessed by PET-PIB has been previously reported for this sample (41).
2.2 MR acquisition and image processing.
All imaging was performed using a Siemens 3T Trio scanner (Erlangen,
Germany). Cushions were used during scanning to reduce head movement. A scout
image (TR = 20 ms, TE = 5 ms, flip angle = 40º, 2.2 × 1.7 × 8 mm resolution) was
acquired first in order to center the field of view on the brain. Two T1-weighted sagittal
MP-RAGE scans (TR = 2400 ms, TE = 3.16 ms, flip angle = 8º, TI = 1000 ms, 1 × 1 × 1
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mm resolution) were acquired in each subject. Image processing implemented in the
Freesurfer image analysis suite (42-44) included inter- and intra-scan motion correction,
averaging, intensity normalization and skull stripping.
2.3 Regional gray and white matter volumes.
Regional volume estimates were obtained using the Freesurfer 4.0 image analysis
suite, which implements an automated probabilistic labeling procedure (42-44). In this
procedure, a neuroanatomical label is applied to each voxel based on a probabilistic atlas
derived from a manually labeled training set, which included older adults. This technique
generates cortical and subcortical volumes with a strong correspondence to manually
generated volumes (42-45).
Regions-of-interest (ROIs) included 32 cortical regions, 32 white matter regions,
and six subcortical gray matter structures (amygdala, hippocampus, caudate nucleus,
putamen, globus pallidus, and thalamus) with separate estimates for the left and right
hemispheres. Additionally, five divisions of the corpus callosum (anterior, middle
anterior, central, middle posterior, posterior) were examined.
2.4 Cortical thickness.
Cortical thickness estimates were obtained using a semi-automated cortical
surface reconstruction method procedure implemented in the Freesurfer 4.0 suite and
described in detail elsewhere (44). Briefly, the steps applied to the intensity normalized,
skull stripped image include tissue segmentation, topology correction, application of a
triangular tesselation to the cortical surface and generation of the gray-white boundary
and pial surface. The closest distance between gray-white boundary and pial surface
provides the estimate of cortical thickness at each vertex. A neuroanatomical label is
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applied to each vertex and average cortical thickness estimates were obtained for 32
cortical regions. This procedure generates cortical thickness estimates with high
correspondence to post-mortem estimates (46) and MRI-based manual measures (5).
Reviews of cortical surface reconstructions and volumetric segmentations were
performed by trained technicians. Careful inspection of cortical surfaces revealed a need
for minimal manual edits to correct inclusions of dura in 10 out of 75 scans based on
standard procedures. Additionally, inspection of the regional volumetric segmentation
required minimal manual edits to correct erroneous segmentation of subcortical regions
on one scan.
2.5 Statistical analysis.
Estimates of heritability were obtained by computing intraclass correlations
coefficients (ICC) on standardized residuals of normalized volume and thickness after
controlling for age and gender. Although gender effects on heritability estimates may be a
relevant factor to explore, the current sample size was not sufficient to explicitly examine
these effects. Thus, gender was instead used as a covariate in all analyses. The ICC
applies a one-way random effects analysis of variance approach to measure the degree of
agreement between measurements within related groups (sibships) versus the agreement
of measurements between groups (unrelated individuals) (47,48). Significant ICC values
indicate more variance explained within sibling groups than across sibling groups. Broad
sense heritability (i.e., additive plus non-additive genetic influences) can be estimated by
dividing the measured ICC of the phenotype by the fraction of shared genes (0.5 for full
siblings) (49), thus allowing some comparisons with previous heritability estimates
derived from twin studies. However, it should be noted that broad sense heritability
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estimates can occasionally be greater than one due to complex interactions between
genetic influences and shared environment that may additively influence estimates (49).
This ICC approach has been used previously as an estimate of heritability of cortical
amyloid beta deposition (41).
Although corrections for individual differences in body size have not been
consistently applied in past studies of heritability and brain aging that included volume
measures (33,34,36), we performed analyses on corrected volumes. A regression-based
covariate approach was used, in which intracranial volume (ICV) was used as an
independent variable, and age- and gender- corrected regional brain volumes were used
as dependent variables. The b-weights from the regression analyses were then used to
compute ICV-corrected volumes using the following formula: Vcorrected = Vraw - [b *
(ICV – MICV)], where Vraw is the raw volume estimate from Freesurfer and MICV is the
mean ICV value from the total sample.
Considering the large number of analyses conducted (n=332), p-values were
corrected for multiple comparisons using the false discovery rate (FDR) with an
FDR<.05 used as the criterion of significance (31,50).
3. Results
Estimates reported in the current study are from analyses with volumes adjusted
for ICV.
3.1 Total brain volume.
The heritability estimate for total brain volume was 0.38 (estimated broad sense
heritability=0.76). Additionally, heritability of total intracranial volume was estimated at
0.33 (estimated broad sense heritability=0.66).
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3.2 Gray matter volumes.
Total cerebral gray matter evidenced significant heritability (ICC=0.44; estimated
broad sense heritability=0.88). There was considerable variability in the heritability
estimates across the gray matter regions with estimates ranging from 0.00 to 0.52 (see
Table 2 and Figures 1 and 2). Average lobar estimates of heritability were strongest for
bilateral parietal (0.38) and temporal (0.35) lobes, followed by cingulate (0.35), frontal
(0.26), and occipital cortices (0.25). Significant estimates of heritability were observed
for amygdala, hippocampal, and caudate volumes, but not for the thalamus, putamen or
globus pallidus. Although statistical comparisons were not made between hemispheres,
no consistent numerical differences were observed between estimates for left and right
hemispheres separately across regions (see Figure 2).
3.3 White matter volumes.
Total cerebral white matter evidenced significant heritability (ICC=0.31;
estimated broad sense heritability=0.62). There was also considerable variability in the
heritability across white matter regions with estimates ranging from 0.00 to 0.64 (see
Table 3 and Figures 1 and 3). In addition, similar patterns of lobar heritability estimates
were observed for bilateral white matter volumes, with average ICC values highest for
the temporal (0.36) and parietal (0.34) lobes, followed by cingulate (0.29), frontal (0.26)
and occipital (0.19) cortices (see Figure 3). Again, qualitatively, no consistent numerical
differences were observed between estimates for left and right hemispheres separately
across regions (see Figure 3). Estimates of heritability for callosal sub-regions were
among the highest observed (average ICC=0.57) with larger estimates for central regions.
3.4 Cortical thickness.
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Total cortical thickness evidenced significant heritability (ICC=0.50; estimated
broad sense heritability=0.94). Variability in the heritability estimates for cortical
thickness was also observed with estimates ranging from 0.10 to 0.53 (see Table 4 and
Figure 1). Average ICCs were highest for bilateral occipital lobe (0.39) and cingulate
(0.39) followed by parietal (0.38), temporal (0.32), and frontal (0.31) cortices (see Figure
1). Qualitatively, no numerical differences were observed between estimates for left and
right hemispheres separately across regions (see Figure 4).
3.5 Comparisons between ICV adjusted and unadjusted volumes.
We also computed heritability estimates for brain volumes unadjusted for
individual differences in body size. Comparisons between ICC estimates for brain
volumes adjusted and unadjusted for ICV revealed slightly lower ICCs for adjusted
volumes overall: 2.5% decrease across all gray matter volumes and a 2% decrease across
all white matter volumes. For gray matter volumes, controlling for ICV resulted in
reductions in ICC estimates for frontal (5%), parietal (5.6%), temporal (0.4%), and
occipital (4.9%) cortices, but an increase in ICC estimates in cingulate (2.8%) regions.
For white matter volumes, parietal (10.6%), temporal (1.6%), and occipital (5.9%)
cortices all showed decreases in ICC estimates after controlling for ICV whereas frontal
(13.8%) and cingulate (1.6%) regions evidenced average increases in ICC estimates.
Notably, lobar patterns of adjusted ICC estimates for gray and white volumes were
virtually identical to those observed in unadjusted gray and white volumes.
3.6 Associations between ICC estimates and measurement properties.
It is possible that the estimates of heritability could be influenced by measurement
properties, such as the size and variability of estimates of volume and thickness. This
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may be especially true for regions that can be difficult to define with the automated
segmentation procedures used here. To examine this possibility, Pearson product moment
correlations were computed between ICC estimates and mean size and standard
deviations (SD) for regional volumes and thicknesses. There were no significant
relationships between ICC and SD or means for left, right, or bilateral gray volumes
(across all cortical and subcortical volumes) (range of r =0.134 to 0.187, all ps > 0.26).
There was a significant relationship between ICC and mean volume (r=0.413, p=0.02)
and ICC and SD (r=0.438, p=0.01) across all left hemisphere white matter regions (i.e.,
cerebral white and callosum), but not for right hemisphere or bilateral estimates (range of
r=-0.146 to 0.261, all ps > 0.086). These results indicate that greater variance and larger
volume were associated with higher estimates of heritability in left hemisphere white
volumes. Finally, there were no significant relationships between ICC and SD and means
for regional thickness in left, right or in bilateral estimates (range of r=-0.144 to -0.339,
all ps>0.05)
4. Discussion
Past research suggests that the heritability of cognitive function follows an
inverted U-shaped function across the lifespan. However, less is known regarding the
degree of heritability of brain structure in older adults or whether it differs compared to
younger ages. Investigations of heritability of brain structure in older adults have been
restricted to global measures or small sets of regions of interest and have mainly been
conducted in Caucasian male World War II veterans (32-34,36,37,51-53). The purpose of
the current study was to obtain a more comprehensive assessment of the heritability of
regional brain structure in later adulthood.
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4.1 Regional variability in heritability of cerebral volumes
The current results indicate significant levels of heritability over widespread
regional brain architecture in older adults. Several potential sources for regional patterns
of heritability have been suggested in the literature. One possibility is differential
heritability across hemispheres. While some research suggests that the left hemisphere
may be under greater genetic control perhaps as a result of its specialized role in language
functions (54), other research suggests less genetic influence and greater shared
environmental influences for the left hemisphere (34). In the current sample, we did not
observe consistently higher ICC values in one hemisphere than the other across gray or
white matter volumes in general or in regions that correspond with known functional
lateralization (e.g., superior temporal, transverse temporal and inferior frontal regions
associated with language processing). This is consistent with more recent observations
noted in twin studies in young and middle-aged adults (27,31). Another potential source
of regional variability in genetic control is differential heritability between primary and
higher association areas, with equally plausible arguments for either greater heritability of
primary areas or of greater heritability of association areas (29,31,55). For example, as
pointed out by Kremen and colleagues, development of higher cognitive functions, such
as language, benefits from environmental input (31). In the current report, there was no
tendency for ICC values to be numerically higher in either primary sensory areas or
association cortices for gray or white matter volumes, which is consistent with recent
observations in middle-age twin males (31).
Qualitatively, we did observe a tendency for lower estimates of heritability in the
frontal lobe relative to parietal, temporal, and cingulate cortices in both gray and white
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matter volumes, although this pattern was less apparent for cortical thickness. This
apparent pattern may reflect greater susceptibility of frontal regions to environmental
influences on regional structure and is consistent with past reports of greater
environmental influences on anterior callosal microstructure in older adults (52) and
combined frontal gray/white matter volume (56) compared to posterior regions.
Advancing age is associated with disproportionate volumetric and cortical thickness
declines in prefrontal regions (4; see 3 for review). In addition, there are indications that
individual differences in factors such as presence of hypertension and exercise behavior
influence the integrity of prefrontal regions in older adults (e.g., 57,58). These
observations may reflect lower genetic control over frontal regions that leaves these
regions susceptible to more environmental insults with advancing age.
As ICV and frontal lobe volume are highly correlated, an alternative
explanation for the observed trend in frontal regions is that ICV adjustment
disproportionately influenced changes in volume estimates in frontal regions. This
increased influence over regional volume estimates may have resulted in attenuated ICC
estimates in frontal volumes. However, lobar patterns of ICC estimates were largely
identical between adjusted and unadjusted volumes when compared in gray and white
matter volumes.
4.2 Regional variability in heritability of subcortical volumes.
There was a high degree of variability in heritability across subcortical regions.
Within the medial temporal lobe, there was a tendency for the amygdala and
hippocampus to evidence higher heritability than entorhinal and parahippocampal
volumes. For the basal ganglia, the heritability estimate for the caudate was numerically
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higher than the estimates for the putamen and globus pallidus. These patterns for
subcortical structures are inconsistent with a conceptualization that regions that
demonstrate stronger age effects may evidence less heritability and highlight the need for
further investigations of regional variability in age trends in heritabilty.
Heritability estimates for callosal subregions and total callosal volume were
among the highest observed. The high estimates of heritability in callosal volumes are
consistent with several previous studies of the heritability of callosal microstructure and
area in older adults (37,52,53), and callosal density in a sample across the adult lifespan
(ages 19-69) (59). Contrary to Pfefferbaum, et al. (52), we did not find indications of an
anterior-to-posterior gradient of heritability in callosal subregions. Instead, the current
results indicated the strongest heritability was for central subregions and somewhat lower
heritability in both anterior and posterior subregions of the callosum. This difference in
patterns could be due to differential procedures of callosal segmentation: in the previous
study, callosal volume was divided into three regions (genu, isthmus, and splenium; 52),
whereas callosal volume was divided into five subregions in the current study (see Table
3).
4.3 Cortical thickness.
A unique feature of the current investigation is the separate examination of
genetic influences on brain volume and cortical thickness in older adults. Although
volume has been most examined both in investigations of the influence of aging on
structure and in terms of genetic influences on structure in aging, the effects of normal
and pathological aging (e.g., Alzheimer’s disease) and genetic factors on cortical
thickness is increasingly being examined (4,60,61). Past research suggests that the
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genetic influences on surface area and cortical thickness, the two components of volume,
are at least partially distinct in a sample of middle-aged male twins (62). In the current
report we observed a slight tendency for cortical thickness to evidence greater heritability
than volume. Considering the increasing examination of cortical thickness in aging
populations, these data provide a relevant starting point for considering cortical thickness
as an endophenotype in studies of aging and Alzheimer’s disease.
4.4 Potential implications for age trends in heritability
Comparisons to existing literature are limited by our use of a full sibling design as
opposed to a twin model in past studies, and by the typically limited number of regions
assessed. However, heritability in the broad sense can be estimated by dividing the
measured intraclass correlation coefficient (ICC) of the phenotype by the fraction of
shared genes (.5 for full siblings) (49) and some suggestions of trends can be examined.
Current results indicate significant heritability of total brain volume (estimated broad
sense heritability=76%), total gray (estimated broad sense heritability=88%) and total
white matter (estimated broad sense heritability=62%) volumes in older adults and are
consistent with maintained heritability in comparison to past investigations in younger
samples (23-27). Our heritability estimates of lobar gray volumes (estimated broad sense
heritabilities=52-76%) are suggestive of slightly decreased heritability in comparison to
those observed in a sample of children and adolescents (28) as are heritability estimates
from previous studies in older adults (33,34). Additionally, our estimates of broad sense
heritabiltity for total (84%) and lobar cortical thickness (62-78%) are suggestive of
maintained or slightly increased heritability compared to middle-aged sample (31). Thus,
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there are suggestions of reduced heritability of lobar volumes, but not cortical thickness
in older adults.
The observation of strong heritability across callosal regions is in agreement with
previous results in younger and older samples for callosal microstructure and area (28,3638) and collectively results suggest relative age-invariance in the heritability of the
corpus callosum. In addition, our findings of strong heritability for the amygdala are
generally consistent with past heritability estimates in younger samples (31). However,
our results for the thalamus, pallidum and putamen volumes are suggestive of lower
heritability with age compared to past studies (31,59).
While comparisons across previous studies would suggest reduced heritability in
hippocampal volume in older adults (36) in comparison to young and middle-aged adults
(27,31,35), hippocampal volume was strongly heritable in the current report and more
consistent with estimates in younger samples. The nature of this discrepancy is unclear
but highlights the limitations of such comparisons. Ultimately comparisons across studies
are limited considering issues such as sibling vs. twin design, differences in sample sizes,
data acquisition and processing, brain regions assessed and delineation of volumetric
measures. Longitudinal investigations can provide more robust insights into potentially
changing genetic influences over time. Results from one recent longitudinal investigation
suggest that genetic influence on the corpus callosal area and lateral ventricular volume
remains stable over a 4-year period in older adult male twins, but that nonshared
environmental factors substantially accounted for longitudinal change in ventricular
volume (53). Similarly, a longitudinal investigation of total brain volume and total
cerebrospinal fluid indicated similar genetic influences across two time points over a 4-
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year period, but shared and non-shared environmental factors contributed substantially to
longitudinal change (51).
4.5 Limitations
The current study is associated with several potential limitations. We
implemented a full sibling design rather a full twin study design. Thus, our metric of
heritability can also be referred to as ‘familiality’ (64), and is an estimate containing
variance from both genetic and shared environmental influences. However, the ICC
estimates presented here are useful in indexing the degree to which the additive effects of
shared genetics and environment are transmitted within first-degree family members. The
standard monozygotic/dizygotic twin pair comparisons could not be performed to
disentangle genetic contributions from shared, and unique environmental influences on
heritability. Although it has been suggested that the twin model might artificially inflate
heritability estimates (see 63 for a discussion), it is also possible that a full sibling design
may underestimate heritability.
Additionally, our relatively small sample size may limit the precision of
heritability estimates and power to detect some subtle effects or systematic regional
patterns. Our small sample size also led us to control for gender. Future research with
larger sample sizes should systematically evaluate whether or not different trajectories of
changes in heritability of regional brain structure exist between males and females.
Finally, it is possible that ICC estimates could be influenced by measurement properties,
such as the size and variance of the volume and thickness estimates. However, a
systematic relationship between ICC and mean/SD was only observed for left hemisphere
white matter volumes. The size and variance of regional gray matter and cortical
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thickness measures showed no significant associations with ICC, so it is unlikely that the
patterns of heritability observed in these measures solely reflects the contributions of
measurement properties.
Another potential limitation concerns potential inclusion of individuals with
preclinical dementia, hypertension, or other medical conditions in the current sample.
While such conditions certainly contribute to variance in brain structure, the goal of the
current study was to obtain a sample of older adults representative of the population.
Thus, exclusion criteria were kept to a minimum. However, there is previous research
indicating that twins discordant for Alzheimer’s disease show significant differences in
structural brain measures, with the majority of results suggesting that unaffected siblings
show either nonexistent or nonsignificant differences in brain structure from healthy
controls (65,66). Thus, it is possible that the inclusion of a number of individuals with
some level of cognitive impairment influenced our results. The influence of such
conditions should be addressed in future studies of heritability of brain structure.
Additionally, contributions of genotypes associated with Alzheimer’s type dementia,
such as the apolipoprotein e4 allele and CSF binding of compound PIB, to heritability of
brain structure should be addressed in future research.
4.5 Conclusions
Although previous research has identified many regions that appear to retain
significant genetic influence into old age, the current study represents a comprehensive
characterization of heritability across brain regions in terms of both volume and cortical
thickness in a single sample of elderly siblings. Our results indicate significant
heritability preserved across a variety of structural measures in many cortical and
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subcortical regions. Although our full sibling design has limitations compared to
traditional twin comparisons, current results should prompt systematic, comprehensive
examinations of regional variations in heritability within large twin samples. Crosssectional investigations over a large age span and longitudinal investigations using a twin
study design in large samples would be particularly valuable in continuing efforts to
unravel the unique contributions of genes and environment to brain aging, and the
changing makeup of those influences over the course of the lifespan.
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Table 1. Demographics.
N
Number of pedigrees
Mean pedigree size
Age, years (Mean (SD)) (64-78)
Gender (female/male)
Education, years (Mean (SD))
Short Blessed Score (Mean (SD)

75
32
2.33
71.33 (3.28)
47/28
14.71 (7.29)
2.52 (3.16)
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Table 2. Heritability of gray matter volumes.
Region of Interest
Bilateral
0.44**

ICC
Left
0.47***

Right
0.40**

0.11
0.36**
0.24*
0.37**
0.31*
0.02
0.14
0.30*
0.44**
0.08
0.44**

0.28*
0.32*
0.35**
0.40**
0.29*
0.00
0.16
0.40**
0.36**
0.00
0.39**

0.00
0.31*
0.08
0.16
0.07
0.06
0.10
0.13
0.39**
0.30*
0.28*

Parietal lobe
Inferior parietal
Superior parietal
Supramarginal
Postcentral
Precuneus

0.25*
0.20
0.50***
0.43**
0.52***

0.04
0.12
0.38**
0.45***
0.50***

0.36**
0.23
0.55***
0.32**
0.41**

Temporal lobe
Inferior temporal
Middle temporal
Superior temporal
Transverse temporal
Banks STS
Fusiform
Entorhinal
Parahippocampal
Temporal pole

0.47***
0.50***
0.37**
0.05
0.37**
0.47***
0.36**
0.22
0.33*

0.30*
0.39**
0.36**
0.30*
0.16
0.39**
0.38**
0.11
0.36**

0.34**
0.38**
0.31*
0.05
0.36**
0.27*
0.26*
0.31*
0.20

Occipital lobe
Lateral occipital
Lingual
Cuneus
Pericalcarine cortex

0.27*
0.51***
0.23
0.00

0.31*
0.50***
0.08
0.00

0.34**
0.39**
0.26*
0.00

Cingulate cortex
Rostral anterior cingulate
Caudal anterior cingulate
Posterior cingulate
Isthmus

0.46**
0.26*
0.24*
0.43**

0.40**
0.13
0.24*
0.36**

0.18
0.34**
0.28*
0.36**

Subcortical gray matter
Amygdala
Hippocampus
Caudate

0.52***
0.44**
0.48***

0.52***
0.42**
0.30*

0.35**
0.37**
0.50***

Total Cerebral Gray
Frontal
Superior frontal
Rostral middle frontal
Caudal middle frontal
Pars orbitalis
Pars opercularis
Pars triangularis
Lateral orbitofrontal
Medial orbitofrontal
Precentral
Paracentral
Frontal pole

28

Putamen
Globus pallidus
Thalamus

0.14
0.17
0.04

0.00
0.12
0.05

STS=superior temporal sulcus; *p < 0.05; **p < 0.01; ***p < 0.001
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0.08
0.12
0.02

Table 3. Heritability of white matter volumes.
Region of Interest

ICC
Bilateral
0.31*

Left
0.33**

Right
0.26*

0.30*
0.25*
0.37**
0.23
0.24
0.13
0.29*
0.44**
0.27*
0.09
0.26*

0.34**
0.21
0.29*
0.20
0.00
0.00
0.35**
0.16
0.17
0.00
0.04

0.21
0.25*
0.29*
0.00
0.24
0.23
0.17
0.27*
0.25*
0.22
0.35**

Parietal lobe
Inferior parietal
Superior parietal
Supramarginal
Postcentral
Precuneus

0.27*
0.22
0.54***
0.26*
0.39**

0.40**
0.27*
0.39**
0.05
0.34**

0.25*
0.22
0.61***
0.35**
0.48***

Temporal lobe
Inferior temporal
Middle temporal
Superior temporal
Transverse temporal
Fusiform
Banks STS
Entorhinal
Parahippocampal
Temporal pole

0.44**
0.37**
0.44**
0.36**
0.47**
0.30*
0.27*
0.37**
0.25*

0.36**
0.40**
0.39**
0.29*
0.38**
0.27*
0.17
0.29*
0.07

0.43**
0.27*
0.41**
0.16
0.38**
0.21
0.35**
0.37**
0.23

Occipital lobe
Lateral occipital
Lingual
Cuneus
Pericalcarine

0.29*
0.29*
0.00
0.19

0.36**
0.31*
0.00
0.08

0.35**
0.26*
0.02
0.14

Cingulate cortex
Rostral anterior cingulate
Caudal anterior cingulate
Posterior cingulate
Isthmus

0.28*
0.12
0.28*
0.44**

0.05
0.05
0.22
0.42**

0.00
0.13
0.20
0.37**

Corpus Callosum
Total
Anterior

0.64
0.45

Total Cerebral White
Frontal lobe
Superior frontal
Rostral middle frontal
Caudal middle frontal
Pars orbitalis
Pars opercularis
Pars triangularis
Lateral orbitofrontal
Medial orbitofrontal
Precentral
Paracentral
Frontal pole

30

Middle anterior
Central
Middle posterior
Posterior

0.63
0.64
0.41
0.49

STS=superior temporal sulcus; *p < 0.05; **p < 0.01; ***p < 0.001
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Table 4. Heritability of cortical thickness.

Region of Interest

ICC
Bilateral

Left

Right

0.47***

0.41**

0.48***

0.48***
0.53***
0.21
0.14
0.17
0.33**
0.49***
0.40**
0.23
0.24
0.25*

0.39**
0.46***
0.33**
0.20
0.13
0.20
0.35**
0.33**
0.19
0.19
0.41**

0.51***
0.43**
0.01
0.00
0.19
0.33**
0.53***
0.41**
0.25*
0.23
0.05

Parietal lobe
Inferior parietal
Superior parietal
Supramarginal
Postcentral
Precuneus

0.31**
0.36**
0.36**
0.37**
0.48***

0.18
0.30**
0.27*
0.30**
0.45***

0.30*
0.38**
0.32*
0.38**
0.48***

Temporal lobe
Inferior temporal
Middle temporal
Superior temporal
Transverse temporal
Banks STS
Fusiform
Entorhinal
Parahippocampal
Temporal pole

0.22
0.53***
0.40**
0.10
0.33**
0.33**
0.24
0.41**
0.30**

0.18
0.42**
0.28*
0.00
0.03
0.23
0.08
0.30*
0.19

0.23
0.45***
0.43**
0.22
0.45***
0.31**
0.22
0.33**
0.20

Occipital lobe
Lateral occipital
Lingual
Cuneus
Pericalcarine

0.39**
0.43**
0.32**
0.42**

0.28*
0.35**
0.32**
0.35**

0.44**
0.38**
0.26*
0.34**

Cingulate cortex
Rostral anterior cingulate
Caudal anterior cingulate
Posterior cingulate
Isthmus

0.40**
0.35**
0.34**
0.45**

0.24
0.15
0.38**
0.33**

0.25*
0.37**
0.27**
0.40**

Total Thickness
Frontal lobe
Superior frontal
Rostral middle frontal
Caudal middle frontal
Pars orbitalis
Pars opercularis
Pars triangularis
Lateral orbitofrontal
Medial orbitofrontal
Precentral
Paracentral
Frontal pole

STS=superior temporal sulcus; *p < 0.05; **p < 0.01; ***p < 0.001
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Figure 1. Heritability of cortical regions-of-interests.
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Figure 2. Heritability of left and right gray matter volumes.
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Figure 3. Heritability of left and right white matter volumes.
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Figure 4. Heritability of left and right cortical thickness.
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